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First, the purpose of a series article "Progress in Quantum Electronics", is 
provided. Secondly, the recent advance of laser is discussed from two points 




The purposes of a series article "Progress in Quantum Electronics" are to provide 
one aspect of the recent advance in quantum electronics, and to do one cross-section 
of the results of our studies on it; coherence properties of laser and non-linear 
optics, stimulated Raman scattering, and oscillation mechaism of lasers. This series 
article is not only a review article, but also one of original work by the authors. 
In this paper, "Progress in Quantum Electronics [1)", the recent advance of the 
laser is discussed from two points of view; laser as an actual quantum electronic 
device, and laser as a physical device (model). 
In usual text-books and review articles, the properties of the laser beam are evalu-
ated as follows; high intensity, spectral narrowing, high directivity, and high bright-
ness. These characteristics are, however, attributed to coherent and intense properties 
of laser field by stimulated emission from atomic coherent ensemble with population 
inversion. 
First, the recent advance of the laser as an actual quantum electronic device is 
reviewed and discussed from six pOints; power, frequency range, tunability, coherence, 
short pulse generation, and stability. Several important lasers are discussed in each 
item. 
Secondly, the laser as a physical device is discussed with developement of the laser 
theory in the section 3. This point of view is one of feature of this paper. Finally, 
some comments on the previous sections and the application of the laser are describ-
ed. 
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2. Laser as an Actual Quantum Electronic Device 
In this section, the recent advance of the laser as an actual device is discussed. 
2.1 Power 
During the 1960 to 1970 time period, laser power has rapidly increased at the rate 
of one order per year in both CW and pulsed operation. 
Before 1970, dominant high power lasers were Q-switched solid-state lasers and 
laser-oscillator-amplifiers chain. Typical examples of these are shown in Table I. 
Table- I. High Power Solid Laser 
System Peak Power Pulse Width Laser 
Q-switcing 10 - 100 MW 10 - 100 ns Ruby, Nd3+ Glass 
Self Mode-Lock 1- 10 GW 0.5 - 10 ps Ruby, Nd8+ Glass 
Osc- Amp Chain 10 - 1 TW 1 - 100 ps Ruby, Nd3+ Glass 
Osc- Amp Chain 50 GW (5-stage) 5 ns Nd3+: Glass;50 MW 
Osc- Amp Chain 2 TW (5-stage) 20 ps Nd8+: Glass; 2 GW 
Since 1970, the TEA CO 2 laser and the chemical laser have been lighted up as imp-
ortant high power laser. 
During ten-year period (1964-1974), a 107 to 108 increment in average power of the 
CW CO2 laser has been achieved, from 10-3 W up to 104-10sW, and various types 
of CO 2 laser have been performed to obtain CW power of 60 KW with operating 
efficiency 30 percentY The mode-locked TEA CO2 laser has achieved a 106 increment 
in pulsed energy. One can obtain peak power of 1 GW with pulse width less than 1 
ns.2) 
Although developement of laser power is very important, it is still significant to 
study the relaxation and excitation mechanism of the CO 2 laser. This has been 
studied in our laboratory, as reported in the following paper "Progress in Ouantum 
Electronics C2J /fa ) • 
The chemical laser will be one of the most useful high power laser in future, be-
cause of its high efficiency due to the possibility of the purely chemical laser action. 
Several typical examples of the chemical laser are indicated in Table IP). 
Since the P( 6) line of the 2-1 band of HBr (4. 23,um) is strongly absorbed by the 
R (20) line of the 00°0 level to the upper laser level 00°1 of CO2, a TEA HBr laser 
has been utilized to pump optically a CO2 laser operating at l-atm gas pressure.S) 
The discrete vibrational-rotational lines of CO2 are expected to broaden and make 
continuous absorption and emission band at these high densities. This result will 
yield a CO 2 laser that can be tuned over a broad band frequency range and produce 
ultrashort pulses by mode-locking technique. 
Table- II. Typical Example of High Power Chemical Laser 
Laser 
HF 











25 J (1.2 GW) 
2.2 Ex:tention of Frequency Range 
Gain (db/m) 
35 
43 - 320 
Pressure Reference 
4 - 15 Torr. 
10 - 1000 
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After the first experiment of the ruby laser by Maiman6), various laser spectra 
have been found in visible and infrared region. The frequency range of the laser 
has been extended toward two directions; far-infrared and ultra-violet region. Far-
infrared region, which is called the boundary region between radiowave and light, 
was conquered by the success of the HCN, CN and H20 laser from 1964 to 1965. 
About the developement of the far-infrared laser, we will discuss in another paper, 
and a discussion will be focused to shorter wavelength lasers in this paper. 
Schall ow and Townes, in their original paper,1) pointed out the difficulties assoc-
iated with the extention of the maser concept to such short wavelength as U. V. 
and V. U. V. region. In addition to the general lack of satisfactory transmitting or 
reflecting materials below 1000 A, the pumping power required to obtain sufficient 
inversion and optical gain at shorter wavelength is given by the following frequency 
dependence. 
PthOCll\ for the doppler broaden case, 
Pth OC 1l6, for the radiative broaden case, 
where Pth is a required pumping power for a fixed gain, 11 is a frequency. This 
result is obtained by a simple estimation. It is understood that the required pumping 
power to establish the laser action in such shorter wavelength are 104 -106 times of 
that in visible region. The efforts are made by two ways; (1) laser oscillation, and 
(2) harmonic generation and other non-linear optical process. 
(1) Ultra Violet and Vacuum Ultra Violet Laser 
The laser system in this region is classified as follows.s> 
A. Atomic System 
Laser emission between 1548-40000 A has been observed in ionized atomic system 
excited by electron collision or Penning ionization; Ne, Ar, Kr, Xe, F, CI, C, and O. 
In addition to many pulse operation, some important examples of CW operation in 
this system were reported. The Ar3 + laser, which operates on the 3638 and 3511 A 
transitions with output power of 5W were obtained by Bridges.9 ) 
B. Molecular System 
Stimulated emission in both UV and VUV region has been obtained from several 
molecules. There are two classes of the molecular systems, bound-bound system 
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and bound-free system. 
1) Bound-Bound System 
This system operates on bound-bound molecular transition. This transition corr-
esponds to the transitional level schemes 3ssociated with the laser in which both 
upper and lower states represent different bound configurations of the radiating 
systems. Laser oscillators in UV region has been demonstrated between various 
bound states of H2, HD, D 2, CO, and H2. 
In H2, stimulated emission of the shortest wavelength 1161 A have been observed 
10) from Werner band (C1lT\.I_XIL;+g) as well as that of the wavelength 1596 A 
from Lyman band (BIL;\/.-XIL;+g). Recently, a high power H2 laser with peak 
power of 20 KW has been reported by Knyazev.11l 
The stimulated emission of wavelength 3371 A has been generated from the 
second positive system of N2 (C3lTu-B3lTg) in 1963. 121 This second positive system 
of N2 is an important example of a transient inversion by electron collision. The 
laser oscillation of this system is rather a superradiant oscillation without a 
cavity. The N2 laser can oscillate only in pulsed operation with excitation current 
pulse of its width shorter than 40 ns which is about the life time of the upper 
laser level, because the life time of the upper laser level is shorter than that of 
the lower laser level. Peak power of 2 MW for pulse of a 10 ns length was 
observed by Shipman and Kolb.l3l The N2 laser is very important optical pumping 
source for dye lasers. 
2) Bound-Free System 
In the bound-free system, the lower laser level is in continum of positive energy 
states describing free motion at infinity of fragments of the bound upper state 
system. Then, the line width of this system is many orders of magnitude broader 
than that of bound-bound system, because of the continum nature of the transition. 
Although Houtermanl4l initially proposed the utilization of molecular bound-free 
transition in H2 and Hg2 molecule in 1960, stimulated emissions utilizing those 
transitions were first observed on the rare gas molecular continua of xenon at 
1722 A by Basov (1971)15), and krypton at 1457 A by Hoff, Swingle, and Rhodes16 ) 
(1973). 
The utilization of the rare gases for VUV laser was initially proposed by Basov.15l 
Hoff et aP71 observed spectral narrowing of stimulated emisson in xenon. A 
high pressure xenon which was in a gas cell with internal mirrors of MgF2, was 
excited by a relativistic electron beam of 10 KA peak current with pulsewidth of 
40 ns. Below threshold spontaneous emission of spectral width 160 A was observed, 
and above threshold the stimulated emission narrowed to spectral width 15 A at 
1720 A. 
Laser action in Ar-Xe and Kr-Xe mixture excited by pulsed relativistic electron 
beam have been also reported by many workers. 
In VUV region, high power Xe-laser with peak power of several MW has been 
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realized in 1974. 
(2) UV and VUV Coherent Light Generation by Harmonic Generation and Optical 
Mixing 
Non-linear optical effects of harmonic generation, optical mixing, and parametric 
process have been utilized to generate coherent VUV light as shown in Table III. 
Table- III. Typical Examples of Coherent UV Generation with Non-linear 
Optical Process. 
Method I Laser 
Order of 
I Material I 
Wavelength 
I Operation Harmonics I (A) 
Harmonic Ruby 2 W KDP 3472 Pulse 
Generation (6939 A) 3 W Ca COs 2314 Pulse 
Harmonic Nd8+: Glass 3 W KDP 3530 Pulse 
Generation (1,06 p.) 4 W KDP 2650 Pulse 
5 W KDP 2120 Pulse 
Harmonic Ar+ 2 W KDP 2573 CW Generation (5145 A) 
Optical Ar+ 
Wt+ W 2 KDP 2503 CW Mixing (5145, 488OA) 
A tunable coherent light in 1570-1960 A has been reported by Sorokin18l in the 
8th. I. Q. E. C. (1974), wherein two coherent light (WhW2) from two dye lasers were 
mixed through higher order process of 2Wl + W2 in strontium vapour. 
Another type of tunable coherent oscillator in 1188-1925 A, has been achieved19l 
by parametric process. In this oscillator, xenon gas was pumped by 4-th harmonics 
of mode-locked Nd3+ : YAG laser, and a tunable laser was used as a signal source. 
It should be noted that harmonic generation and optical mixing with tunable 
lasers are one of useful method to generate coherent VUV light. 
(3) X-ray Laser 
Many proposals for X-ray laser20l have been reported, but laser emission in X-
ray range is not yet observed. 
Since the required puming power is given by the frequency dependence of yS for 
X-ray region, this power is 1012 -1018 times of that in visible region, or 1012 -1018 W 
if the pumping power is I W in visible region. 
Realization of X-ray laser, or observation of X-ray laser emission is one of the 
front problem in quantum electronics. 
2.3 Tunability 
One of the final goal of the laser as an optical oscillator, is the realization of a 
laser which has continuously variable tunability with wide frequency range at a 
desired frequency. The dye laser is the first truly tunable laser which operates 
over visible region, since the emission spectra of fluorescence from organiC dye are 
broad and the lasing frequency can be tuned to a desired value in a broad range, 
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Fig. 1 Frequency Range of Laser Oscillation. (1960-1974) 
using a grating, prism, and ethalon. 
Sorokin and his co-worker21l initially observed laser emissions from organic 
solution of ACP and DTTC. pumped by Q-switched ruby laser. The CW oscillation 
of the dye laser was first achieved independently by Peaterson and Banse22l in 1970. 
Recent experimental results of typical dye laser are indicated in Table IV. In 1974, 
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Table IV. Typical Operation of Dye Lasers. 
Pumping Peak Power I Tuning Range P.R.F. Spectral I Pulse Width Tuning Width (Mode-Locked) J 




100Hz 4 MHz 
I 
2 ps I Ethalon 3 1 /-IS, 100 J 




1KHz 300 MHz 
I 




I I I 
Ethalon 4880, 5145 A 3W CW 1.5 MHz 0.5 ps +Prism CW 1-5W 
picosecond pulse of 0.5 ps has been generated with self-mode-Iocking of a CW dye 
laser.31l 
By suitable selection and combination of organic dyes, tuning range is continuously 
covered in frequency range from 3300 to 11750A (Fig. 2). 
It is significant that the study of optical resonant phenomena under high intense 
coherent field can be easily performed with various tunable dye lasers from infrared 
to UV region. 
Another useful laser with a wide tuning range is the spin-flip Raman laser 
proposed by PateP3l as shown in Fig. 1. 
A combination system of a tunable dye laser with another kind of laser Or anotber 
dye laser or non-linear optical process (SHG, Optical mixing, and parametric oscilla-
tor), extends the frequency range as shown in section 2.2. 
Using combination system, tuning range has been extended in frequency range 
from 1570 A to 14.6 ,urn. 
2.4 Coherence Properties of Laser 
The simplest measure of coherence of light is a coherence time 'rc for the temporal 
coherence. Experimental data of this measure in various laser were little reported. 
The spectral width of the single-mode laser of CW operation is directly connected 
with the coherence time 're. The line width of 0.1 - 10Hz, has been observed for a 
stabilized CW He-Ne laser operating in single-mode. This corresponds to coherence 
time 'rc of 10-0.1 sec. 
In general, however, it is complicated to evaluate the coherence property of laser 
in various operation. On the other hand, coherence of laser is closely related to 
photon-statistics or photoelectron counting distribution. 
Experimental studies of photon-statistics of laser and thermal light by photoelec-
tron counting method have been carried by Arrechi,24l Armstrong,25l and the others.26) 
During 1965-1970, theoretical studies27' of coherence and photon-statistics for the 
laser were developed and exprimental results agreed with theoretical one. 
Some experimental studies of coherence and photon-statistics for modulated laser 
beam have been reported by the authors in the following paper [2J. 
Detailed discussion on coherence and photon-statistics of laser will be described in 
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another paper* of this series. 
2.5 Ultrashort Coherent Light Pulse Generation 
During 1960-1970, nanosecond light pulses of 10-100 ns with high peak power 
were generated by Q-switched lasers, and generation of picosecond light pulse train 
was also achieved with mode-locked laser. The pulse width has reduced from I ms 
down to 1 ps, so the rate of reduction of it, on average, were one order per year as 
same as that of power growth. 
The studies of generation and it's mechanism of ultrashort pulse by mode-locking, 
have been rapidly developed during 1965-1970. Experimental results of ultrashort 
pulse generation by the typical lasers are shown in Table V. 
The measurement techniques for picosecond light pulse have been also developed 
originally to study the mechanism of mode-locking of the laser. There are two kinds 
of method. The direct method (real-time measurement) and the indirect methods 
(nonlinear correlation method) have been developed. The data of the pulse width on 
Table V were measured by TPF pattern with contrast ratio 2.8-3.0, or by harmonic 
correlation method. 
After 1970, the study of detailed mechanism of ultrashort pulse generation has 
been carried with developement of pulse measurement techniques. On the other hand, 
the intense picosecond light pulse has made possible a wide range of new experiments 
to study transient or dynamic behavior of the interaction of light with matter. 
Recent advance in the former will be provided as follows. 
(1) Control and Shaping of Ultrashort Pulse.28> 
Since the process of picosecond pulse generation by self-mode-locking contains 
probable events, short pulses generated by this process are unstable and not repr-
oducible. It has been required to generate stable pulse and control the pulse 
width. These are achieved by controling the spectrum width ~1I of the laser 
Table V. Picosecond Light Pulse Generation by Mode-Locking of Typical Lasers. 
Laser Mode-Locking Sa turable Abs. Pulse Width 
or Modulator. 
Nd3+ Glass Self-Mode-Locking Dye 0.2 - 0.3 ps 
Nd3 + YAG Self-Mode-Locking Dye 20 ps 
Ruby Self-Mode-Locking Dye 2 - 20 ps 
Dye (Rhod. 6G) Self-Mode-Locking Dye 11 ps 
Forced Mode-Locking Acoustic Mod. (Ge) 1 ns 
*"Progress in Quantum Electronics [3J" unpublished. 
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medium so that .111-1 is longer than the life time T d of the saturable dye. The 
stable short pulse is shorten with pulse compression techniques. 
(2) Developement of Measurement Techniques29 ) 
A. Photodiode-Oscilloscope System 
A time resolution of 100 ns has been readily achieved. 
B. Electro-Optical Streak Camera System 
Direct measurement techniques have been drastically developed by altering 
designs of the electro-optical streak camera. A time resolution less than 2 ps has 
been achieved, and it has shown by Bradley30) that ultrashort pulse as short as 1 
ps, by a mode-locked dye laser, was measured directly. Thus pulse width measure-
ment and time resolved spectroscopy with resolution of 1 ps are now possible in 
visible and infrared regions. 
(3) The results in Table V have been altered in the dye laser and CO2 laser. 
Sub-pico-second pulse train of 0.5 ps with peak power of a few KW has been 
observed3l) by selfmode-Iocking of CW dye laser in 1974. 
(4) Study of the fine structure of picosecond light pulse in typical lasers has been 
develeloped. This problem is not yet solved on the ultrashort pulse generation. 
2. 6 Stability and Reliability 
(1) Frequency Stability 
In order to utilize the laser as a standard of length and time, it is required to 
stabilize the oscillation frequency of the laser. 
Stabilizing the frequency of a He-Ne laser using the absorption line of 2°Ne, 
frequency stability of ± 4 x 10-11 and reproducibility of 3 x 10-10 were observed by 
Strakhovsky.32) 
Recently, in a single-mode CW dye laser, frequency stability of the free running 
laser was approximatly ± 60 MHz for a few second. Using a dual piezo-electric 
system for control of laser cavity length, frequency stability was ± 0.5 MHz for 1 
sec.33l 
(2) Reliability 
Reliability is the most important factor in practical laser. Life of each type of 
laser has been improved up to date. 
De Loach has reported that the life of CW GaAs injection laser at room temper-
ature was several hundred hours in 1973, and demonstrated that bonding strain 
introduced by conventional bonds is controlling factor and the reduction of this 
strain greatly enhances laser life.3 4) 
Success of CW operation of GaAs DH laser at room temperature has extended 
the possible application of laser in wide range, and excited the study of optical 
waveguide and optical IC. 
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3. Laser as a physical Device (Model) 
Developement of laser has stimulated the other scientific fields, and many appli-
cations of laser to physics and chemistry have been tried as following; non-linear 
optiCS, solid state physics, laser spectroscopy, me~surement of physical constants, 
and the others. In these cases, the laser is utilized only as a tool of an experimental 
study. 
In this section, the authors treat a laser as a physical device which is typical 
physical model of non-linear non-equilibrium statistical mechanics, co-operative phenom-
ena, non-linear sustained oscillator, and etc. In the other word, wedi scuss the 
laser physics or physical concept to understand behavior of laser, and contributions 
of the study of laser itself to statistical mechanics, the quantum theory of radiation, 
optics, and others. 
New physical concept introduced by the study of laser are, for example, coherence, 
coherent state (Glauber state), atomic coherence, Lamb's dip, hole burning, mode-
locking, picosecond pulse generation, optical resonator, superradiance, and other 
concept in non-linear· optics. 
On the other hand, the theory of laser stimulated the statistical mechanics of non-
equilibrium system and optics, and yield the new fields, quantum optics and non-
linear optics. 
A term "coherence" is a sticky word and the physical concept of coherence are 
various in each field; optics, atomic physics, and commumication engineering. The 
theory of optical coherence was well established by Wolf35l in 1958, wherein he 
expressed the coherence function by a correlation function of electro-magnetic field 
in terms of the Gabor's analytic signal. This representation is reasonable and 
convenient for the second quantization of the field. 
In 1963, Glauber36l established the quantum theory of optical coherence, and 
proposed coherent state or Glauber's state defined by the eigenstate of a photon 
annihilation operator. Since this state vector has not orthogonal property, it app-
eared to be inconvenient during some period. The coherent state, however, has over 
completeness property, and any photon state can be expressed with coherent state. 
This was utilized in the quantum theory of laser with flucuation by Haken.371 The 
coherent state by Glauber has taken a central role of quantum optics. This state 
corresponds to the minmum uncertainty state. 
Theoretical studies of laser or maser have been developed from 1956. Before the 
proposal of the optical maser by Schallow and Townes/ l the theory of maser was 
initially studied with a semiclassical method by Shimoda, Zeiger, and Townes38l in 
1956. The rate equation method for the three level solid-state maser was first 
developed by Bloembergen in 1956, and this method has been applied to solid-state 
laser and other lasers. 
Semiclassical theory which contains the third order non-linear polarization and 
multi-mode operation was independently studied by Lamb40l and Haken.411 The 
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frequency pulling and pushing, Lamb's dip, population pulsation, three mode 
operation, combination tone, and mode competition were cleared for tJ:-.e gas laser. 
This method have been applied to solid-state laser, semiconductor laser and others. 
The semiclassical theory well interpreted steady state behavior of laser without 
fluctuation. and this is suitable to treat mode-locking in frequency domain analysis. 
Fluctuation and noise of the laser can not be treated by this theory, and this 
theory 'is not valid below threshold. 
The theory of laser with noise was initially made by Gordon and Louisell,42) but 
this was limited in linear treatment. 
The fully quantum theory with noise and non-linearity was first reported by 
Raken43 ) in 1965. During 1965-1970, fully quantum theory of laser was developed 
by menber of Raken's schoolw and Lamb's school,45l and M. Lax46 ) from various 
direction. 
Raken and his co-worker extended the Langevin method, the master equation 
method, and Fokker-Planck equation method to non-linear and non-equilibrium sys-
tem with heat bath, and applied these to the laser and compeared these three appro-
aches each other. 
By interpreting semiclassically the results of the fully quantum theory by Raken, 
Risken47l developed the semiclassical theory with fluctuation, and calculated the 
photoncountig distribution of laser below and above threshold, using Fokker-Planck 
equation. This results agreed with experimenal one by Arrechi and the others, 
below, near, and above threshold. 
Scully and Lambm approached to this problem using a photon number represen-
tation by master equation of density operator, and demonstrated the time develo-
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Through the studies of laser theory, proper physical concept, important theorem 
of statistical mechanics and quantum optics, and new method have been developed. 
These results have contributed to understand dynamical behavior of laser, and 
stimulated basic physics, solid state physics, non-linear optics, and other fields. 
These problems are summerized as following. 
(1) It is pointed out49 ) that the uncertainty relation between photon number and 
phase, dnA¢>?::: 1, is not valid, since phase is not Hermitian operator. The corrected 
relation50 ) has been found. The relation, dnd¢» 1, is approximately valid only for 
large number of n. 
(2) It is proved by Haken51l that the Fokker-Planck equation is still valid in 
quantum statistical mechanics, if operators do not commute each other in arbitrary 
dissipative quantum system. 
(3) The coherent state by Glauber takes a central role in quantum optics, and it 
is utilized effectively in theory of the laser, because any photon state and density 
operator of electromagnetic field are expanded by coherent states. 
(4) It is interesed that the threshold of laser corresponds to the second-order 
phase transition. The laser is considered as one of typical model of co-operative 
phenomena, or critical phenomena far from equilibrium as shown in Fig. 3. 
Around the threshold, amplitude and phase fluctuation behaves anomaly, and well 
above the treshold the amplitude fluctuation reduces. In other word, photon-
statistics of the laser field is governed by Bose-Einstein distribution below the 
threshold; the statistical property suddenly changes near threshold; the photon-sta-
tistics of the laser field is characterized by Poisson distribution (Fig. 3) well above 
threshold. The statistical property of laser light is analogous to that of the 
Laser ( Temporal Order) Ferromagnet ( Spatial Order) 
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Threshold Distribution E Disorder 
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Fig. 3 The laser as an example of quantum statiatics. and the ferromagnet. 
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Ginzburg-Landau theory of the second-order phase transition. 
(5) Near the threshold, Langevin equation with fluctuation forces well agrees with 
the Van der Pole equation. Observed photo-electron counting distribution agrees 
with the theoretical result by a non-linear sustained oscillator model of Van der 
Pole. 
(6) Another important concept is atomic or molecular coherence. This has been 
introduced from semiclassical theory. Why the laser indicates coherent light 
amplification? The answer does not obtain from Einstein's theory or the rate 
equation approach. This is explained by introducing the concept of atomic coher-
ence. The concept of atomic coherence is useful to study non-linear coherent 
interaction of light with matter, and it provides another point of view for laser 
theory. 
Comments on the Theory of Laser 
The laser is one of typical model of non-linear non-equilibrium statistical system, 
and one can express exactly the Hamiltonian of this system with heat bath. In 
studying the laser theoretically, it is important to set a physical model according to 
the purpose of the study. It will be possible to approach the laser from different 
and new point of view although many results from laser theory have been obtained. 
It is expected that. new physical concept and theoretical method of non-linear non-
equilibrium statistical mechanics may be tested by applying those to the laser and 
comparing the new result with previous theoretical results of laser. This is also one 
of utilization of the laser as a physical device. 
4. Some comments on the application of Laser 
Recent developement of semiconductor laser is drastic one, but we do not treat 
this problem, because it is beyond our sight in this paper. 
What is the most useful application of laser at present? "It is aligment of optical 
system in a laboratory!" 
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